In this paper, we present the design and fabrication of a 1D beam steering device based on a planar electrooptic thermal-plastic prisms and a collimator lens array. With the elimination of moving parts, the proposed device is able to resolve the mechanical limitations of present scanning devices, such as fatigue and low operating frequency, while maintaining a small system footprint (~0.5mm×0.5mm). Simulation and fabrication process of the device is presented. Device operation is observed and measured. From experiment, our prototype device is able to achieve a maximum deflection angle of 5.6° and a a 4μm collimated beam diameter.
INTRODUCTION
Current beam steering devices consists of both mechanical and non-mechanical systems. Mechanical systems are commonly driven by mechanisms such as electromagnetic, thermal, or piezoelectric effect. They produce relatively good results in beam steering applications [1] . However, these methods generally suffer from problems like mechanical fatigue, stiction, hysteresis, and sometimes low operating frequencies. Non-mechanical system on the other hand, such as acousto-optic, thermal optic and electro-optic system, resolves the issues in mechanical system. But each presents their own limitations: acousto-optic driven systems requires a large driving power in order to create good efficiency on the diffraction effect produced by acoustic waves; thermo-optic systems have issues with slow switching time, thermally induced stress during operations, and its operation susceptible to ambient temperature fluctuations. Thus, electro-optic system is more prominent for beam steering, as they can provide high speed beam steering and is less likely to be interfered by its surroundings and internal thermal induced stresses. Several electro-optic devices have been reported by using bulk crystals [2] [3] [4] for beam steering, yet these devices tend to have large scales, and thus require relatively high driving voltages.
To resolve this driving voltage issue, thin-film polymer electro-optic devices are used. Thin-film polymer based devices allow operating voltage to be reduced as a result the reduction of system size. Moreover, thin-film polymers are compatible with current micro-machining processes, making them relatively easy to be fabricated. However, these polymers produce a relatively small deflection angle compared to bulk devices due to the inherently small change in the refractive index when a voltage is applied [5] .
In this paper, we propose an electro-optic beam steering system based on thin-film polymers. Using a single deflector stage and a micro-machined collimator, the system is capable of producing a relatively large angle of deflection. A confined output beam profile at a relatively low operating voltage compared to current bulk crystal based devices is also presented [2] . To achieve the specifications, we investigate different materials and geometries of the device in order to optimize the deflection. The design concept and the fabrication of the device are presented, and finally, the deflection result of the device is discussed.
DESIGN
The proposed electro-optic scanner consists mainly of two stages, a beam collimating stage and a deflecting stage. The beam collimating stage is designed to collimate and reduce the beam size from the input light source. The collimated light beam enters the deflecting stage where it is then deflected according to the voltage applied.
Collimating Stage
Beam collimation and spot size reduction is crucial in beam steering applications. A ray-tracing program is used to predict particular combination and placement of lenses to help collimate and reduce the diverging beam from the input fiber.This lens array can be broken down to two stages: collimator and beam-reducer ( Figure 3 ). The light collimation is achieved by the convex-concave lens combination (Lens 1 and 2), while the beam reduction is provided by the two cascaded double convex lenses (Lens 3 and 4). 
Deflecting Stage
The deflecting stage is made of a prism shape electro-optic device. Our goal is to create a beam steering device such that there is no moving part in the system in order to overcome the mechanical counterpart
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limitations. Our proposed design makes use of a freestanding prism based on thermal-plastic material that exhibits an electro-optic (EO) effect. The EO effect is the index of refraction change in the material under an applied electric field [3] . When light passes through the medium with mismatching index, it will have a different exiting angle than its entry angle according Snell's Law:
( 1) where n 1 and n 2 are the index of refraction of the two mediums, θ 1 and θ 2 are the incident angle and the exit angle of the beam, respectively. A larger refractive angle can be achieved if a light beam is incident within the critical angle from a medium with a much higher refractive index to a lower one or vice versa. To maximize this effect, we choose a baseline index of the EO polymer (thermal plastic based) that has a relatively high refractive index (1.60) compared to air (1.0) as the material for the deflection stage. Furthermore, by optimizing the relative position and incident angle of the input beam and the prism geometry, a larger deflection angle due to a relatively small refractive index change of EO polymer can be achieved..
Figure 2: Prism deflector beam deflection
For scanning applications or other beam deflecting applications, we need to control the deflection angle. By re-writing Equation (1), the output angle can be expressed as a function of the ratio between the index of refraction of the two mediums: (2) Thus, being able to control the index allows us to control the exiting angle. The electro-optical property of the EO polymer is governed by:
where r 31 is EO coefficient for beam incident perpendicular to the applied electric field direction. E z is the applied electric field along z-direction where is the same as subscript "3" in EO coefficient. r 31 of the AJTB141/APC polymer is found to be 45pm/v at wavelength equals 1.3µm, a relative good value for an EO polymer. This effect allows us to vary the index of refraction when a voltage is applied across the material via the electrodes (shown in Figure 2 ). The effect of index change on the beam path (red line) can be observed in Figure 2 . It can be observed from Equation 2 that the input angle θ 1 has an effect on the output angle. Thus placing the collimator lens in order for it to produce an optimal θ 1 allows the device to have a maximized deflection angle change.
The two stages are placed with the designed placement and angle to form the EO beam steering device. Thus it allows the deflection of collimated and reduced size beam, provides electronically controlled scanning. Additionally, with the use of thermal-plastic material in the design, the deflection stage can be fabricated using a simple hot embossing molding process [6] . The steps for the device fabrication are discussed in the next section.
FABRICATION
The fabrication of the device is divided into two major parts. The first part is the fabrication of the collimator lens array and the fiber groove using dry etching and solvent assist micro molding (SAMIM) techniques. The second part is the forming of the freestanding prism using hot-embossing molding techniques. 
Collimator Lens Array and Fiber Groove
For the collimating stage of the device, we first create a fiber groove that allows us to couple optical fiber into the collimator lens array. The fiber groove is created on a silicon substrate using Deep Reactive Ion Etching (DRIE) process. As shown in Figure 3a , the silicon substrate is etched down ~63µm for the core of an optical fiber to be aligned with the surface of the substrate, where the collimator lens array will be sitting on.
After the fiber groove is etched from the substrate, we begin to fabricate the lens array on the surface of the substrate. A 5µm-layer of SU-8 5 photoresist is spincoated on top of the substrate at 3000 rpm for 30 second (Figure 3b) . The SU-8 coating is baked at 95ºC for 1 minute and 30 seconds to be prepared for the next step. After baking, a PDMS mold with the lens pattern is aligned with the fiber groove (Figure 3c ), and ethanol is applied for SAMIM to obtain the shape of the lens array on the SU-8 coating. After 30 minutes of the SAMIM process, a shadow mask is aligned on top of the lens array (Figure 3d) , and the structure is exposed under UV light to cross link the SU-8 in the lens array area. The exposed substrate is then developed (Figure 3e ), so that only the lens array remains on the substrate. Finally, an optical fiber (SMF-28 with 10µm core and 125µm diameter) is placed in the fiber groove and aligned with the lens array (Figure 3f ).
Deflecting Prism
To create the free-standing prism structure that is used for our deflecting stage, we employ the hot embossing molding process to form the thermal-plastic material for simplified fabrication. Prior to the hotembossing process, a 200nm gold layer is sputtered on top of the substrate to form the bottom electrode of the deflector. Then, the polymer solution is prepared and drop-casted onto the substrate and it is allowed to cure for 24 hours for all the solvents to evaporate. Once the polymer is prepared, we begin the molding process.
First, a silicon mold is surface-treated with silane to prevent it from sticking to the polymer, and then it is placed on top of the polymer-coated substrate ( Figure  4a ). Next, it is put into the hot-embossing machine, where the molding process is taking place. The upper stage and the lower stage of hot embossing machine is first heated up to above the glass transition temperature of the polymer (about 150ºC in our experiment), and then they are brought into contact with the silicon mold and the polymer substrate. Approximately 11MPa pressure is applied, and it is hold for roughly 1 to 2 hours to allow the polymer to conform to the silicon mold. Finally, we bring the mold and substrate to room temperature and release the pressure. The mold pattern is replicated on the polymer. After the pattern is got, a gold layer is then deposited on top of the molded polymer to serve as the top electrode for the deflector stage. Figure 5 shows a Scanning Electron Microscope (SEM) picture of collimator lens arrays aligned with the fiber groove; it can be observed that the SAMIM process has successfully produced the lens array pattern aligned to the fiber groove. However, as seen from the picture, the height of the lens are not very tall (approximately 2µm), due to the limitation of the SAMIM process, which might result in a vertical loss of light. This results in cropping the beam profile into an oval, which is indeed the case as we can see in Figure 6 .
RESULTS AND DISCUSSION
In Figure 6 , we show the image of the beam output observed with a CCD camera (1st vision Inc., 1280x1024 resolution) at 15cm (Figure 6a ), 20cm (Figure 6b ), and 25cm (Figure 6c ) from the collimator output. A 4 μm collimated beam diameter and a diverging angle less than 1 o 25 cm after leaving the lens array is observed.. Figure 7 is an SEM picture of a deflecting prism side wall formed by the hot-embossing technique. It is noted that although the sidewalls of the prism deflectors are straight, there are still some fabrication defects as highlighted in Figure 7 . The defects, which are generated 
CONCLUSION
In this paper, we have presented the design and fabrication of a 1D Electro-optic polymer based scanner device. The device is able to overcome the limitation of existing mechanical scanner devices, while maintaining a small system footprint. The device also overcomes the complicated process of manufacturing due to the use of soft-lithography compatible material and thermal plastic composite which can be shaped by hot-embossing molding. The simple fabrication process also reduces the cost of production. Our resulting device in the paper is capable of delivering a collimated beam (beam spot size: 4μm) with the help of the collimating lens array. It is able to produce an angle of deflection of 5.6° when 300V voltage is applied. Due to the limitation of the SAMIM process, the beam profile is clipped into an oval shape which is not ideal. In our next approach, we will explore the possibility of fabricating the lens array using the thermal plastic material which will allow us to reduce the clipping of the beam output, as well as combining the two stages on a single substrate to further reduce the size of system.
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